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alone (Fiscal Year Results, 2013) ), Microsoft, and Yahoo! (Greenberg et al, 2009 ). Cloud computing refers to both the applications delivered as services over the Internet and the hardware and software in the data centers that provide those services (Fox et al, 2010 ). Data centers, or "server farms", thus house a network's most critical systems and are vital to the continuity of daily operations. Many data centers have on the order of tens of thousands or more servers drawing tens of megawatts of power at peak operation (Greenberg et al, 2009 ). Data centers that power Internet-scale applications consume about 1.3% of the worldwide electricity supply and this fraction is expected to grow to 8% by 2020 (Beloglazov et al, 2011) . To prevent disruptions to service, data centers rely on complex auxiliary power systems. These backup systems consist of tens of multi-megawatt diesel-powered generators (manufactured by companies such as Caterpillar, Cummins, Detroit Diesel, and John Deer).
Human exposure to diesel exhaust has been shown to cause a number of adverse health outcomes, including pulmonary and cardiovascular diseases, and cancer (Brook et al. 2010; Dockery et al. 1993; Krewski et al. 2009; Laden et al. 2006; Miller et al. 2007; Pope et al. 1995 Pope et al. , 2002 Pope et al. , 2004 Pope and Dockery 2006; Chen et al. 2008 ). The exhaust from diesel generators is a complex mixture of gasses, including nitrogen dioxide (NO 2 ) and nitrogen oxide (NO) (collectively known as "NO x "), and particulate matter (PM) (Habert, 2015) . The
Environmental Protection Agency (EPA) regulates NO 2 and PM, among other pollutants, because of their known health effects. The National Ambient Air Quality Standards (NAAQS) (http://www.epa.gov/air/criteria.html), set by the EPA, for the pollutants of interest in this study, NO 2 and PM 2.5 (PM with an aerodynamic diameter of 2.5 µm or less), are listed in Table   1 ; included are the route of formation (directly emitted or formed in the atmosphere), the concentration averaging time, the acceptable threshold, and the form of the regulation. (Bowman, 2014) . This is of particular concern in locations with pollutant levels approaching the NAAQS;
and, because of the associated health risks, in locations with multiple data centers near residential areas. The Washington State Department of Ecology has used dispersion modeling to estimate the impacts of emissions from data centers near Quincy, Washington (Ecology, 2010) . Similarly, in this work, AERMOD (American Meteorological Society/ Environmental Protection Agency
Regulatory Model) will be utilized to model the dispersion of NO 2 and PM 2.5 from backup generators at data centers in Oregon. The study area, AERMOD and its inputs, and results and implications are discussed in this project report.
CASE STUDY: PRINEVILLE, OREGON
Prineville is located in central Oregon, with a population of 9,253 (U.S. Census, 2010).
Prineville is a desirable place for data centers, due to reliable power and dry climate that allows for an innovative evaporative cooling system. In such systems, cooling is achieved through airside economisation, where filtered outside air is delivered directly to the servers, and a high pressure misting system provides evaporative cooling and humidification (Brady et al, 2013) .
Facebook and Apple have data centers located in the town of Prineville, OR (Figure 1 ).
Facebook has twenty-eight 3-MW generators on site, and Apple has fifteen 2 to 3-MW generators.
Data centers may be of concern in Prineville because of already high levels of PM 2.5 (see Table 2 ). The data are from the Oregon Department of Environmental Quality (DEQ) monitor in AERMET is a meteorological data preprocessor for AERMOD. AERMET uses meteorological data and surface characteristics to calculate boundary layer parameters and creates two output files: a surface data file and a profile data file. Annual facility reports, inspection reports, air contaminant discharge permits, and a testing report were obtained from DEQ through an official records request. These files contained emission factors, hours of operation, emission limits and source parameters (Table 3 ). Due to lack of facility specific stack height, a stack height of 5 feet above the manufacturer specification height was assumed. This is common practice in modeling for engineering consulting (Monica Wright, personal communication, April 27, 2015) . Coordinates of each source were obtained using Google Earth. 
Model Options
The plume volume molar ratio method (PVMRM) was used to model the conversion of NO to NO 2 . Emissions factors are given for NO x , and not the NAAQS regulated pollutant NO 2 .
At the emission source, the in-stack ratio is assumed to be 80% NO and 20% NO 2 (San Joaquin
Valley Air Pollution Control District, 2010). As the plume travels downwind NO gets oxidized to NO 2 . The ultimate ambient equilibrium is assumed to be 10% NO and 90% NO 2 (http://www.epa.gov/ttn/scram/models/aermod/aermod_userguide_addendum_v11059_draft.pdf)
. In PVMRM, the conversion of NO to NO 2 at a downwind distance from the source is determined by the ratio of the number of moles of ambient ozone that have been entrained into a plume segment at downwind distance to the number of moles of NO x that have been emitted from the source in the same segment (Hendrick et al, 2013 Model runs with BPIP will be analyzed in future work.
Receptors
Simulations were performed using discrete receptors, as well as a receptor grid. The following seven discrete receptors were selected to illustrate spatial variability in modeled concentrations: two near source, four in and around Prineville, and one on an elevated bluff (Figure 3) . The UTM coordinates, elevation, and distance to closest generator for each of the seven receptors are listed in Table 4 . To further illustrate more detailed spatial variability in modeled concentrations a nonuniform Cartesian grid (Figure 4 ) was selected. The grid was anchored in the SW corner (668312 m E, 4905541 m N) and expanded NE to cover the data centers and the populous of Prineville.
Grid spacing was as follows: 25 meters for the first 2000 meters, 50 meters from 2000 meters to 4000 meters, and 100 meters grid 4000 meters to 8000 meters based on the AERMOD modeling framework applied for Quincy, WA (Ecology, 2010); the grid had a total of 25920 receptors. 
Simulations
Since generators are used for routine testing and to supply power when the commercial source is interrupted, testing and power outage scenarios were represented in the model simulations (Table 5) . Monthly testing represents a low emitting scenario (lowest emissions produced), with only one data center testing generators and only one generator running at a time for a duration of one hour. For the annual testing scenarios, both data centers were assumed to operate generators in three groups for a duration of four hours/group, so that all generators were run in a 24-hr period (the duration of one model run). Testing scenarios assumed generators only operate between the hours of 7 am and 7 pm, as testing is often limited to daylight hours (Bowman, 2014) . The outage simulations represent a worst-case scenario, with all generators at both data centers operating at the same time for a duration of 20 hours, from midnight to 8 pm.
The length of the power outage was chosen based on engine runtime reports in the annual reports from DEQ. Outages, reported on a monthly basis from Facebook in 2012, 2013, and 2014, ranged from 2.09 hours to 48.76 hours. 
RESULTS
The results are organized as follows: 1) 1-hr NO 2 annual testing (gridded receptor and discrete), 2) 1-hr NO 2 outage (gridded receptor and discrete), 3) 24-hr PM 2.5 annual testing (gridded receptor and discrete), 4) 24-hr PM 2.5 outage (gridded receptor and discrete), and 5)
annual PM 2.5 annual testing (gridded receptor). No background concentrations are included in the reported predicted concentrations.
NO 2
The 3D The top eight concentrations (winter and summer) at each discrete receptor in the annual testing scenario are listed in Table 6 ; the results from the power outage scenario are in Table 7 .
In Tables 6 and 7 the grid cells are color coded by season: blue, green, yellow, and red to indicate winter, spring, summer, and autumn, respectively. (Table 6 ). This could be partially due to the averaging times, since PM 2.5 is averaged over 24 hours and NO 2 over 1 hour. Meteorology could also have an effect on seasonality of concentrations. Wind roses were made from 2013 Prineville hourly wind data ( Figure 12 ) to look for differences/similarities in winter and summer wind patterns. There was a stronger diurnal pattern and more variability in winter winds; in summer the highest percentage of wind was blown toward the north and stronger winds were blown towards north/northwest. Therefore, during summer wind blows pollutants toward Prineville more often than during winter. To look for further patterns in predicted concentrations, the 8 highest 1-hr NO 2 concentrations at the discrete receptors (outage scenario) were plotted against time of day. Figure   13 shows a u-shaped pattern of higher concentrations in the morning and evening, with no highs occurring between the hours of 9 am to 5 pm. The morning and evening timeframe corresponds with lower wind speeds and also a lower planetary boundary layer (PBL) height (Zhang et al, 2014) . Temperature, which impacts the height of the PBL, may also play an important role in when the highest concentrations are occurring. Further analysis would be required to determine how each factor (PBL, winds, and temperature) contributes to the observed lower daytime concentrations. Elevation could also have an effect on concentrations; from the discrete receptor results, generally higher concentrations of both PM 2.5 and NO 2 were predicted at the bluff receptor (the highest elevation). Permits. Air quality issues can be of concern even when emissions are within permit limitations.
Given the results of these simulations, the next steps forward for regulators could include: further modeling, limitations on testing (such as during inversions, hours of the day, or how many generators can operate concurrently), updated regulations, and monitoring (especially to get accurate NO 2 concentrations). Cloud based storage, and thus data centers, is an expanding industry. The energy consumption of such data centers all over the world is expected to double every five years, at a huge cost to both business and the environment (Shen, 2014) . This growth in the size and number of data centers will come with increased power consumption. This additional power will require appropriate backup, and thus the potential for significantly increased emissions. Concentra;on NO
FUTURE WORK
The continued work on this study involves further analysis of 1 st highest concentrations and analysis of monthly scenarios. To address the possible source of error in the exclusion of BPIP, all simulations will be run again using BPIP. Monthly scenarios will also be re-run as a potential to emit (PTE) simulation. For the PTE cases, emission factors will be calculated from PSEL (tons/year of PM 2.5 and NO 2 ). EPA's Environmental Benefits Mapping and Analysis
Program -Community Edition (BenMAP-CE) will be used to estimate the health impacts and economic values associated with changes in ambient air pollution, such as the differential concentrations of NO 2 and PM 2.5 calculated with AERMOD (http://www2.epa.gov/benmap). The PTE scenario and the incorporation of BenMAP-CE will allow consideration of the possible health risks and costs if the facilities operate to the extent their permits allow.
